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Abstract

Intimal hyperplasia (IH) is a type of scarring that involves complex pathophysiological responses
of the vasculature to injury, including overproliferation and migration of vascular smooth muscle
cells (VSMCs), adventitial fibroblasts, and the activation of macrophages. The objective of this
research was to develop a biodegradable polymer with intrinsic properties that would combat the
cellular processes that contribute to IH. Citric acid, 1,8-octanediol, and all-trans retinoic acid
(atRA) were incorporated into a polyester network via a condensation reaction to form the
thermoset poly(1,8-octamethylene-citrate-co-retinate) (POCR). POCR was chemically
characterized and assessed for the presence of antioxidant and retinoidlike properties. HNMR and
ATR-FTIR confirmed the incorporation of atRA into the backbone of the polymer network. POCR
was able to scavenge radicals and inhibit lipid peroxidation. The proliferation and migration of
vascular smooth muscle cells cultured on POCR were inhibited, whereas endothelial cell
proliferation and migration were not. These results are consistent with the biological effects of
atRA. These results are the first to demonstrate the synthesis of a polymer with intrinsic
antirestenotic properties for potential use in the fabrication of vascular devices such as stents and
vascular grafts.
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1. INTRODUCTION

Cardiovascular disease continues to be the leading cause of death and disability in the
United States.! Current options for surgical interventions include angioplasty with or
without stent placement, revascularization via bypass vascular grafts, and endarterectemy.
Successful long-term outcomes for these procedures are often hindered by restenosis due to
the formation of intimal hyperplasia (IH) in the vessel.2=5 IH is a type of scarring that
involves complex pathophysiological responses of the vasculature to injury, including
overproliferation and migration of vascular smooth muscle cells (VSMCs), adventitial
fibroblasts, and the activation of macrophages. Although paclitaxel, rapamycin, and their
analogues have been used to prevent VSMC overproliferation, an ideal therapeutic agent
would selectively inhibit the above cellular processes, without affecting endothelial cell
survival, proliferation, and function to promote the regeneration of a healthy blood vessel
wall.

All-trans retinoic acid (atRA), the active form of vitamin A, is known to have agonistic
interactions with nuclear receptors RARa and RXR to modulate the expression of target
genes that regulate cellular proliferation, migration, and differentiation.6=9 It also has been
reported to be a chain-breaking antioxidant.10 atRA is used clinically to treat pathologies
characterized by abnormal cell differentiation such as in acute promyelocytic leukemia
(APL), acne vulgaris, and keratosis pilaris.}1~14 Due to its ability to inhibit VSMC
proliferation, promote VSMC apoptosis, promote endothelial cell proliferation,® and
promote NO production,16:17 it has also been investigated as a systemic or localized therapy
to inhibit IH with promising results in animal studies.18-20 However, although atRA has
been proven to be relatively safe clinically, systemic administration in humans is not feasible
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because according to preclinical data, the doses that would be required to inhibit IH are
approximately 30-fold higher than what is currently utilized to treat cancers in patients.2!
Furthermore, systemic doses have been shown to elevate triglycerides and alkaline
phosphatase levels.12:20 Localized exposure of atRA via a periadventitial membrane
achieved a significant reduction of IH in a rat carotid balloon injury model, but these devices
are designed for use during open surgery and hence not intended for endovascular surgical
procedures, which account for the majority of cardiovascular procedures in the U.S.
Therefore, strategies to incorporate the biological effects of atRA into endovascular devices
and small-diameter prosthetic vascular grafts are desirable.

The overproliferation and migration of vascular cells is partially regulated by the oxidative
stress in cells and tissues.22-25 Oxidative stress is an imbalance between the antioxidant
defense system and levels of reactive oxygen species (ROS) that can cause damage to
proteins, DNA, and signaling pathways. As such, oxidative stress has been implicated in a
multitude of pathologies, including diabetes and cardiovascular disease.26:27 Vascular
interventions can damage the blood vessel leading to local inflammation and the
accumulation of excess ROS. Furthermore, nitric oxide (NO), a multifunctional and
antioxidant regulator that is necessary for healthy vasculature, is often absent due to a
missing or impaired endothelial cell monolayer. The resulting oxidative stress has been
shown to trigger overproliferation of VSMC.2324 These effects are further exacerbated when
polymers such as poly(L-lactic acid) (PLLA) and poly(glycolic acid) (PGA) are used in
medical devices that are placed in the vasculature, because their degradation products can
induce oxidative stress,28:29

Given the need for improved vascular stents and prosthetic vascular grafts, the development
of polymers that will not induce oxidative stress and are capable of tackling key cellular
processes that contribute to IH is warranted. In this regard, the field of biomaterials science
has evolved to include biofunctionality as a key design parameter that is important to meet
the challenging specifications of medical devices, technologies, and therapeutics of the 21st
century. Traditionally, polymers have served as structurally inert components of devices that,
depending on the intended use, are engineered to be permanent or to degrade in the body. In
the case of degradable polymers such as PLLA and PGA, a common area of clinical use and
research has been the encapsulation and slow release of drugs in order to minimize
deleterious systemic side effects and maximize the desired response of the target tissue or
organ. An example that is relevant to cardiovascular medicine is the drug eluting stent.
Although the physical incorporation of drugs into polymers has been met with some clinical
success, the polymers used do not have intrinsic biofunctionality and only serve as a means
for delivery of a therapeutic drug dose to obtain a pharmacological effect. Herein, we
describe the synthesis and characterization of citrate-based biodegradable polymers with
built in antioxidant and retinoid-like functionality aimed at minimizing cellular processes
that exacerbate an artery’s response to injury. These polymers could potentially be used for
the fabrication of stents and prosthetic vascular grafts, or to modify the surface of vascular
grafts and other implantable medical devices whose function may be impaired by the
development of IH. We hypothesized that an antioxidant polymer with retinoid-like
functionality could be synthesized by covalently incorporating atRA into a cross-linked
polymer network containing citric acid and 1,8-octanediol, resulting in a poly(1,8
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octamethylene citrate-co-retinate) (POCR) thermoset copolymer. We further hypothesized
that the degradation products of POCR would include atRA and/or its esters, thereby
retaining inhibitory effects on smooth muscle cell proliferation and migration in vitro
without negatively affecting endothelial cell proliferation.

2. MATERIALS AND METHODS

2.1. Materials and Instrumentation

All the chemicals and reagents are from Sigma-Aldrich and were used without further
processing except where mentioned specifically. HPLC analysis was performed on a
SPD-20A (Shimadzu, Kyoto, Japan) using an Ascentis RP Amide column (2.7 um; 150 mm
x 2.1 mm; Supelco, Bellefonte, PA). FTIR was performed on a Nicolet Nexus 870
spectrometer (Thermo Scientific, Waltham, MA), 'NMR on an Inova 500 (Varian, Palo
Alto, CA), and absorbance measurements on a Safire micro plate reader (Tecan, Mannedorf,
Switzerland). Solvent evaporation was performed on an R-205 rotavapor (Buchi, Flawil,
Switzerland).

2.2. Polymer Synthesis

Poly(1,8-octamethylene-citrate-co-retinate) (POCR) was synthesized using a modification to
the protocol previously described for the synthesis of poly(1,8-octamethylenecitrate) (POC)
prepolymer (prePOC).30 Briefly, citric acid and 1,8-octanediol at a molar ratio of 1:1 were
copolymerized via polycondensation in a three-neck round-bottom flask at 160 °C for 15
min, followed by 60 min at 140 °C. The prepolymer was then dissolved in 100% ethanol and
purified by precipitation in Milli-Q water at a volume ratio of 1:5. The purified prepolymer
was freeze-dried and redissolved in 100% ethanol at 30% w/w. For POCR synthesis,
prePOC (10% or 30% w/w in EtOH) was mixed with atRA at a final concentration of 1 or 4
mg/mL atRA, resulting in POCR-4 and POCR-16 with 4 and 16 g of atRA/mg of polymer,
respectively. Subsequently, POCR was postpolymerized at 37 or 60 °C for 5 or 20 days
(Scheme 1). POC, synthesized and postpolymerized without the addition of atRA, was used
as a reference material.

2.3. Polymer Characterization

To assess whether atRA was copolymerized and integrated in the polymer’s backbone or
dispersed throughout the polymer, Fourier Transform Infrared (FTIR) spectroscopy was used
in attenuated total reflection mode on POC and POCR-16 polymers postpolymerized for 2
days or 5 days at 60 °C. Spectra were recorded by accumulation of 64 scans, with a
resolution of 8 cm™1. Polymer films were used after gas sterilization, acid leaching, and
lyophilization (see section 2.5.1), without further treatment. FTIR of free atRA was also
collected using transmission mode with atRA incorporated into KBr pellets. "INMR was
performed on atRA as well as the viscous polymer product in DMSO-aj after 2 days of
postpolymerization at 60 °C to determine atRA incorporation. The mechanical properties of
POC, POCR-4, and POCR-16 were assessed through tensile tests according to American
Society for Testing and Materials (ASTM) 412A on an Instron 5544 equipped with a 500-N
load cell (Instron, Norwood, MA). Briefly, dumbbell-shaped samples were pulled to failure
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at a rate of 500 mm/min. Young’s modulus, ultimate tensile strength, and elongation at break
were obtained from stress—strain curves.

2.4. atRA Release from POCR

To assess structural retention of atRA after postpolymerization, atRA release from POCR-16
was monitored over time. High-performance liquid chromatography (HPLC) was performed
in accordance with a method previously reported.3! Briefly, POCR polymers were incubated
in 1:1 ratio Milli-Q water and acetonitrile (50 mg/mL) at 37 °C. Supernatant containing
polymer releasate was collected every 2 days and replaced with fresh Milli-Q/acetonitrile
solution. Samples were injected into an Ascentis RP-Amide column (15 cm x 2.1 mm, 3
um). Separation of product was obtained through a gradient solvent system using water
(solvent A) and acetonitrile (solvent B) at flow rate of 0.4 mL/min (gradient: 0-3 min, hold
at 70% B; 3-15 min, 70-95% B; 15-20 min, hold at 95% B; 20-21 min, 5-70% B; 21-25
min, re-equilibrate at 70% B) over 25 min. The atRA peak was monitored through a UV-vis
detector at a wavelength of 350 nm. Peak area was compared to a standard curve of freshly
prepared atRA. HPLC analysis was also utilized to determine structure retention as a
measure of bioactivity according to a previously described method. The absence of an atRA-
specific peak at the elution time of 13.3 min was indicative of structural loss.3!

2.5. Intrinsic Antioxidant Activity

2.5.1. Polymer Preparation—For all antioxidant assays, the following preparation
protocol was used. Tissue culture plastic (TCP) plates (96-well) were coated with 40 pL per
well of 30% w/w polymer solutions in EtOH. Experimental groups included POCR prepared
with 1 and 4 mg/mL atRA in ethanol, resulting in POCR-4 and POCR-16 with 4 and 16 g
atRA/mg polymer, respectively. Other groups included POC alone and poly(1,8-
octamethylene-citrate-co-ascorbate) (POCA), a POC variant which we previously showed to
have enhanced antioxidant properties.32 After evaporating the ethanol, coated well plates
were postpolymerized at 60 °C for 5 days. After ethylene oxide gas sterilization for 12 h
(Anprolene AN74i, Andersen Products, HawRiver, NC), polymers were acid-leached with
DMEM cell culture basal media as per a previously published protocol.32 Briefly, media
were changed every day until no discoloration was observed for 24 h. Plates were then
washed with Milli-Q water three times and lyophilized before use.

2.5.2. Free Radical Scavenging—POCR free radical scavenging activity was
performed using a (1,1-diphenyl-2-picrylhydrazyl) (DPPH) free radical assay. To each well,
200 pL of DPPH (200 uM in ethanol) was added, and plates were incubated at 37 °C (final
polymer concentration 50 mg/mL). Supernatants were collected at predetermined time
points. DPPH is a stable free radical in EtOH with a deep violet color. Upon radical
scavenging activity by the antioxidant material, a color change to pale yellow will be
observed. This discoloration was monitored by measuring the absorbance change at 517 nm
using a micro plate reader. Antioxidant activity in terms of scavenging DPPH free radicals
was calculated as scavenging percentage of DPPH radical by measuring the decrease of
absorbance compared to nonreacted solution and fully reacted solution. All measurements
were performed in triplicate.
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2.5.3. Iron Chelation—The extent of metal chelation was performed using a ferrous
iron chelation assay. To each polymer-coated well, 200 pL of FeCl,-4H,0 solution (1 mM in
MQ) was added and incubated at 37 °C (final polymer concentration 50 mg/mL).
Supernatants were collected and reacted with 5 mM ferrozine iron reagent solution at a
volume ratio of 5:1. Chelating activity is indicated by inhibition of the purple Fe2*—ferrozine
complex formation, as chelated Fe2* cannot react with ferrozine. The inhibition can be
monitored as a decrease in absorbance at 534 nm. Chelation is calculated as a percentage of
decreased absorbance compared to a no-chelation control. All measurements were taken in
triplicate.

2.5.4. Lipid Peroxidation Inhibition—POCR’s lipid peroxidation inhibition capacity
was determined by performing a B-carotene bleaching assay according to a previously
published protocol.32 Briefly, B-carotene (4 mg), linoleic acid (0.5 mL) and tween 40 (4 g)
were mixed, dissolved in chloroform (20 mL), and vigorously shaken. This step was
followed by chloroform evaporation using rotary evaporation, resulting in a viscous BC
reagent. Britton buffer (pH 6.5, prewarmed to 45 °C) was added (30 to 1 mL BC reagent) to
form a clear suspension. A total of 200 L of the suspension was added to each coated well
and incubated at 45 °C (final polymer concentration 50 mg/mL). Supernatants were
collected at various time points and the absorbance monitored at 470 nm. Spontaneous
peroxidation of linoleic acid at 45 °C causes -carotene discoloration, and inhibition of
linoleic acid peroxidation can be detected as a reduction in absorbance decrease. All
measurements were performed in triplicate.

2.6. Cell Viability, Proliferation, and Migration

2.6.1. Plate Preparation and Pretreatment—~For all cell culture experiments, tissue
culture polystyrene (TCP) plates were prepared as in section 2.5.1, with POCR-4 and
POCR-8 having atRA concentrations of 4 and 8 ug/mg polymer, respectively. However,
before cell seeding, wells were pretreated for 1 day with the complete growth media for each
cell type investigated (EGM-2 and SmGM-2 for human umbilical vein endothelial cells
(HUVECS) and human aortic smooth muscle cells (HASMCs), respectively). For migration
experiments, 24-well plates coated with 200 uL per well of the polymer solution were used.

2.6.2. Cell Cytotoxicity, Proliferation, and Migration—The bioactivity of POCR
was assessed using HUVECs and HASMCs (Lonza, Walkersville, MD) that were within
passage 4—7. To assess cell toxicity, cells were seeded in the pretreated 96-well plates at a
seeding density of 5000 cells/cm?2. After 48 h of culture, the LIVE/DEAD viability kit (Life
Technologies, Carlshad, CA) was used according to the manufacturer’s instructions to
measure the ethidium homodimer and calcein staining of dead and live cells, respectively.

For cell proliferation measurements, HUVECs and HASMCs were seeded in the pretreated
96-well plates. HUVECs were seeded at 3000 cells/cm?, and HaSMCs were seeded at 5000
cells/cm?. Cell lysates were collected at 1, 3, and 5 days for measurement of DNA content
using the PicoGreen dsDNA quantitation reagent (Life Technologies, Carlsbad, CA).
Briefly, cells were rinsed with PBS three times, and 100 pL of cell lysis buffer containing
1% Triton X-100 were added to each well. After 15 min of incubation at room temperature,
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50 pL of cell lysate was collected from each well. Cell lysates were mixed with PicoGreen at
a 1:1 volume ratio. To measure the cell number, a standard curve was generated using known
cell numbers in culture and their corresponding fluorescence intensity.

For cell migration measurements, a scratch migration test was performed. HUVECs and
HASMCs were seeded in pretreated 24-well plates. Upon reaching 100% confluence, cells
were serum-starved with basal media for 12 h (HUVECs with EBM-2, HASMCs with
SmBM-2). Subsequently, a vertical scratch was made in each well, cells washed with
prewarmed PBS and cells cultured for another 24 h in basal media. The remaining scratched
area was measured using ImageJ software to determine the /n vitro effect on cell migration.

2.7. Modification of ePTFE Grafts with POCR and Assessment of Antioxidant Activity

ePTFE grafts (inner diameter, 1.96 + 0.05 mm; wall thickness, 240 + 35 um; ZEUS,
Branchburg, NJ) were coated with POCR solutions (10% w/w in EtOH with 0, 1, or 4
mg/mL atRA) using an infusion coating method, resulting in final polymer percentage of
approximately 20% as reported previously.32 After coating and ethanol evaporation, the
grafts were postpolymerized at 60 °C for 5 days. Before antioxidant tests, ethylene oxide gas
sterilization and acid leaching were performed, followed by rinsing with Milli-Q water. Free
radical scavenging, iron chelation, and lipid peroxidation tests were all performed on coated
and intact grafts using 100 mg grafts per milliliter in all assays.

2.8. Statistical Analysis

Statistical analysis was performed using Microsoft Excel software and Graphpad Prism 5.0
(Graphpad Software Inc., USA). Data from independent experiments were quantified and
analyzed for each variable. Comparisons between two treatments were made using student’s
ttest (two tail, unequal variance) and comparisons between multiple treatments were made
using analysis of variance (ANOVA), with Bonferroni posthoc analysis. A value of p< 0.05
was considered to be statistically significant, with additional significance levels used of p <
0.01 and p< 0.001.

3. RESULTS AND DISCUSSION
3.1. Polymer Synthesis

atRA has limited solubility in aqueous media, and it is known to be sensitive to light, heat,
and air in solution.33 To ensure its chemical integration into the elastomers while retaining
stability and activity, conditions for atRA incorporation were optimized. The objective was
to determine the maximum amount of atRA possible per weight of polymer; therefore the
maximal soluble concentration of 4 mg/ mL of atRA in EtOH was used. POC was dissolved
either at 10% or 30% w/w in EtOH. It was observed that at a 10% w/w POC solution, atRA
recrystallized out of solution when added at a concentration of 4 mg/mL, which led to
inhomogeneous polymer films at both 37 and 60 °C conditions. Hence, POC prepolymer in
solution increases atRA solubility in EtOH, possibly due to the citric acid, a known enhancer
of coconstituent solubility for drugs.34-37 When using a 30% w/ w POC solution for
subsequent testing, two different temperatures for postpolymerization were used, 37 and

60 °C. For 37 °C, a postpolymerization time of 20 days was needed to obtain a cross-linked
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elastomer, while for 60 °C, a cross-linked elastomer was obtained in 5 days. For films
postpolymerized at 37 °C for 20 days, the structure and activity of atRA was lost as assessed
per HPLC analysis®! likely due to long-term exposure to elevated temperature and air.
Therefore, all subsequent experiments were performed with 30% w/w polymer solutions
containing a maximum atRA concentration of 4 mg/mL, postpolymerized at 60 °C for 5
days (Table 1).

3.2. Polymer Characterization

Polymer releasates analyzed by HPLC showed a peak at a retention time of 13.3 min, which
was consistent with the peak obtained with a freshly prepared atRA solution used to
generate the standard curve. The appearance of a peak at the expected retention time of 13.3
min confirms the preservation of atRA’s structure after postpolymerization. No peaks
associated with 9-¢is RA or 13-¢/s RA were observed. Cumulative release of atRA from
POCR-16 shows steady, near zero-order kinetics for atRA release with only 0.4% released
as free atRA after 15 days. These results suggest that the vast majority of atRA remains as
part of the POCR covalent network or is released in the form of cooligomers with citric acid
and 1,8-octanediol (Figure 1).

FTIR analysis of partially polymerized POCR-16 and POC films showed the presence of
small peaks in the 1540-1650 cm™ region, indicating C=C bonds of atRA (Figure 2). Free
atRA has a strong peak around 1690 cm~! due to ~-COOH moieties.38 Upon esterification,
this peak disappears and shifts to 1730 cm™1 and is obscured by the polyester C=0 stretch
also present in POC. A minor peak around 1690 cm~1 remains in POCR-16 after 2 days of
postpolymerization, indicating that atRA remains partially unconjugated to POC. After
complete postpolymerization, only minor peaks related to atRA’s C=C bonds can be
observed in POCR-16, but there is no remaining peak around 1690 cm~1 (Supporting
Information S3A). A strong peak at 1190 cm™ (polyester C-O) can also be observed in both
POC and POCR.

Proton NMR analysis confirmed the successful incorporation of atRA into the poly(1,8-
octamethylene-citrate) network in POCR-16. The following peaks were identified (Figure
3): 6 7.00 (-CH=CH-C(CH3)=CH-CH=CH-C(CH3)= CHCO-), 6.37 (-CH=CH-
C(CH3)=CHCO-), 5.75 (-C(CH3)=CHCO-), 2.25 (-C(CH3)=CHCO-), 1.96 (C-CH»—
C(CH3)=C), 1.67 (C=C(CH3)-C), and 0.993 (-C(CHs3), of the cyclohexenyl ring are all
attributed to atRA. From POC, the following peaks were also identified: § 1.15 (-
OCH,CH»(CH3)4— from OD), 1.50 (-OCH,CHy(CH>)4— from OD), 2.50-2.90 (-OCO-
CH2-C(OH) (COOH)- from CA), 3.36 (-CH,0- from OD), 3.57 (<(HOOC)C(OH)- from
CA), 3.60 (-CH,0H from OD), and 3.95 (-(HOOC)-C(OH)- from CA). Integration of
peaks A and B (octanediol), E (citric acid), and 8 (atRA) gives approximate final ratios of
0.47:0.49:0.005, which indicates a 0.92 w/w % atRA in final POCR-16. The absence of
atRA’s carboxylic acid-specific peak at 12.0 ppm (11 in Figure 3A) together with FTIR
results confirm the esterification of atRA into the POCR structure (see Supporting
Information S3B for close-up of POCR-spectrum around 12.0 ppm).3940 Mechanical testing
confirmed that POC and POCR polymers were elastomeric and that atRA incorporation had
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no significant effect on Young’s modulus or ultimate tensile strength (Supporting
Information S2).

3.3. Intrinsic Antioxidant Activity

atRA’s effects on VSMCs, such as the inhibition of cell migration and proliferation, may be
partly ascribed to its redox-active status. As a typical redox compound, atRA is expected to
be antioxidant at lower concentrations and pro-oxidant at high concentrations. However,
reports on suitable ranges for antioxidant effects are largely inconsistent. For example, atRA
has previously been reported to behave as an antioxidant at physiological concentrations in
the nanomolar range, while in the micromolar supraphysiological range, it may actually
induce oxidative stress and behave as a pro-oxidant compound.*142 Siddikuzzaman and
Grace, on the other hand, recently measured direct radical scavenging and lipid peroxidation
inhibition at concentrations above 16.7 pM.43 The concentration of POC, POCR-4, and
POCR-16 in antioxidant assays here was 50 mg/mL, which according to NMR data
corresponds to an atRA loading of 0.115 and 0.460 mg/mL, respectively. Considering the
release rate observed in Figure 1, free atRA concentrations after 24 h would reach
approximately 0.1-0.4 uM. However, nonreleased atRA or atRA released as conjugates with
POC oligomers may also be able to exhibit antioxidant activity. POCR exhibited a
concentration-dependent gradual scavenging effect on the DPPH radical (Figure 4A). DPPH
scavenging of 100% was achieved after 45, 21, and 6 h for POC, POCR4, and POCR-16,
respectively. Similar to observations reported by Siddikuzzaman and Grace, we also
observed gradual DPPH scavenging by atRA (Supporting Information Figure S1A). Radical
scavenging was concentration-dependent, showing proportionality of atRA availability with
its feed ratio (Figure 4A). Hence, POCR antioxidant capacity may be controlled by adjusting
the feed ratio of atRA to POC prepolymer during the postpolymerization step. As reported
previously, POC also exhibits free radical scavenging properties, possibly due to cyclic
oligomer species.32

Citric acid is a well-known iron chelating agent. Iron is a transition metal that plays an
important role in cell regulatory processes, and excessive amounts can cause oxidative
stress, e.g., by participating in the Fenton reaction to produce the highly damaging hydroxyl
radical.#4-47 Moreover, transition metals can potentially react with antioxidant compounds
such as ascorbic acid.#849 Neglecting to include chelating agents has therefore been
proposed to be a potential source of negative or ineffective results from major antioxidant
supplementation clinical trials, and coadministration of EDTA or citric acid has been
suggested.30 For atRA, it has been shown that potential pro-oxidant effects at higher
concentrations can be attenuated or even eliminated by metal chelators.?! For these reasons,
the use of citric-acid-rich POC was expected to minimize prooxidant effects of incorporated
or released atRA. Both POC and POCR showed strong iron chelating activity as expected
likely due to the presence of citric acid in the polymer backbone (Figure 4B). No differences
were observed among all polydiolcitrates, suggesting that the incorporation of compounds
that can copolymerize through ester bond formation with free diol groups in the
polydiolcitrate network does not interfere with citric acid’s ability to chelate metal ions.

ACS Biomater Sci Eng. Author manuscript; available in PMC 2017 February 08.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

van Lith et al.

Page 10

A typical effect of excessive reactive oxygen species (ROS) or oxidative stress in tissues is
the peroxidation of lipids, e.g., in atherosclerotic plaques, which can lead to functional
impairment. The inhibition of this process by compounds, such as antioxidants, is therefore
typically measured in addition to direct radical scavenging effects. As a useful /n vitro assay,
the B-carotene bleaching assay measures the inhibition of linoleic acid peroxidation when
exposed to 45 °C. POC was shown previously to inhibit this process,32 while free atRA can
also dose-dependently prevent beta carotene bleaching (Supporting Information S1C).
Indeed, POCR demonstrated greater lipid peroxidation inhibition than POC (Figure 4C) with
no inhibition observed by ePTFE. After 2 and 3 h of heat exposure, we could also observe a
significant difference between POCR-16 and POCR-4. After 2 h, the last time point before
100% peroxidation was reached in the control groups, beta carotene bleaching was inhibited
by 23.7 £ 0.6%, 26.7 £ 0.4%, and 32.5 £ 0.7% for POC, POCR-4, and POCR-16,
respectively. The trend of increased antioxidant activity with increasing atRA concentrations
in the polymer demonstrates the potential to tune the antioxidant activity of the resulting
polymer.

3.4. Antioxidant Activity of POCR-coated ePTFE Grafts

As the anticipated initial application for POCR would be as an antirestenotic polymer
platform for improving vascular healing after surgical interventions, as a proof of concept, a
commercially available ePTFE graft was coated with POCR to assess the feasibility of using
POCR to modify the surface functionality of a medical device. Infusion coating resulted in a
polymer content of 27.6 £ 6.5 wt % in coated grafts, which kept node-fibril structure largely
intact (Figure 5A-C). In the polymer-coated grafts, radical scavenging and inhibition of lipid
peroxidation remained significant. As previously reported by our group, POC as well as
other polydiolcitrates exhibit modest antioxidant activity likely due to the formation of
cyclic oligomer structures within the polymer network.32°1 The incorporation of atRA
however leads to significantly increased antioxidant capacity even at low atRA
concentrations. Nonetheless, the concentration dependence of DPPH scavenging
disappeared (Figure 5D), which may be due to hydrophobic ePTFE allowing easier
penetration of hydrophobic DPPH, causing a saturation effect at the lower atRA
concentration. In terms of lipid peroxidation inhibition, grafts coated with both POCR-4 and
POCR-16 showed effects exceeding those of POC, with a 13.4 + 5.1% and 44.9 + 15.4%
decrease in peroxidation after 2 h for POCR-4 and POCR-16, respectively, although the
decrease in POCR-4 did not reach statistical significance (Figure 5E). All together, these
results indicate the feasibility of using POCR as a coating material to create antioxidant
surfaces for vascular applications.

3.5. Cell Viability, Proliferation, and Migration

atRA has previously been reported to potentially have toxic effects at higher concentrations,
typically in the micromolar range of concentrations.#143:52 As POCR contains up to 0.92 wt
% atRA in our experiments (according to NMR results), this could create potentially a toxic
environment for cells in contact with the polymer. Culture of both HUVECs and HASMCs

on POCR, however, did not result in significant cell death, as assessed through calcein AM

and ethidium homodimer staining (Figure 6). Although there appears to be a slight decrease
in viability of both cell types when cultured on POCR, this decrease did not reach statistical
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significance. Based on our HPLC measurements of atRA release from POCR, when using
96-well plates coated with 10 mg polymer/well, free atRA concentrations are expected to not
exceed 0.8 UM during our experiments.

atRA has been reported to inhibit cell proliferation in glioma, breast cancer, smooth muscle,
and epithelial cells.%:53-55 This inhibitory effect is part of its appeal for applications in
cancer and cosmetic areas, and also for deploying atRA after vascular interventions to limit
neointimal hyperplasia.18-20 Qur lab has reported cell proliferation effects of atRA
consistent with antioxidant properties at micromolar concentrations.1® Reported
inconsistencies could partially be explained by cell-specific effects. For example, reports of
micromolar pro-oxidant effects of atRA were measured in Sertoli cells, cells that are known
to have macrophage-type effects and therefore may be more prone to rapid ROS generation
as part of their phenotypical tendencies.*! Therefore, vascular cell-specific effects of POCR
on cell proliferation were assessed. Cell proliferation was assessed with cells cultured on
POCR. Proliferation was selectively stunted in HASMCs only on POC, as reported
before.32:56 On the polymers with the highest atRA incorporation, however, both cell types
were significantly lower in number after 3 days of cell culture, with a 20.7 = 3.0% and 19.4
+ 1.8% reduction for HUVECs and HASMCs, respectively. After 5 days, the amount of
HASMCs was reduced by 14.1 + 1.2% on POCR-8, while that of HUVECs was not
significantly lower. POCR-8 inhibited cell proliferation for both HUVECs and HASMCs
compared to POC after 5 days, with a 11.2 + 1.2% and 9.0 + 0.7% lower cell number,
respectively (Figure 7A and B). POCR-4 did not show a significant effect on cell
proliferation compared to POC. An atRA-concentration dependent inhibitory effect on
HASMC proliferation reached significance after 5 days.

As a first step to assess the retinoid-like properties of POCR that are relevant to a potentially
antirestenotic polymer, the effect of POCR on the proliferation and differentiation of
HUVECs and HASMCs were determined. An Jin vitro scratch assay was used to simulate a
wound healing response. This assay measures the ability of cells to bridge a defined gap that
is created. To exclude gap closure due to cell proliferation, basal media lacking serum
components was used. HASMC migration on POC, POCR-4, and POCR-8 surfaces led to
40.5 + 8.0%, 85.3 £ 20.2%, and 96.8 + 24.5% of the gap area remaining when normalized to
TCP, respectively (Figure 7C). Therefore, incorporation of atRA into POC resulted in an
enhanced inhibitory effect on HASMC migration. In contrast, HUVECs cultured on POC
and POCR surfaces closed the gap area at similar rates, irrespective of percentage of atRA
(Figure 7D). Our findings regarding the inhibition of HASMCs migration on POCR with no
differential effect on HUVEC proliferation are consistent with previous studies.1®

CONCLUSIONS

In summary, we have synthesized an antioxidant elastomer with retinoid-like properties that
may be suitable for use in medical devices such as vascular stents and prosthetic vascular
grafts that would benefit from the use of antirestenotic materials. Sustained release of
bioactive atRA was demonstrated, with POCR having a slight effect on cell proliferation and
selectively inhibiting HASMC migration without significantly affecting cellular viability.
POCR films also demonstrated enhanced antioxidant properties compared to POC, with
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increased free radical scavenging and lipid peroxidation inhibition. ePTFE vascular grafts
coated with POCR also exhibited antioxidant activity. Combined, these findings lay the
groundwork for a new class of polymers with antirestenotic properties that exhibit
antioxidant and retinoid-like biological effects.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS
atRA all-trans retinoic acid
POC poly(octamethylene citrate)

POCR poly(octamethylene citrate-co-retinate)
IH intimal hyperplasia

HUVEC  human umbilical vein endothelial cell
HASMC  human aortic smooth muscle cell

DPPH 1,1-diphenyl-2-picrylhydrazyl

ROS reactive oxygen species
IH intimal hyperplasia
VSMC vascular smooth muscle cell

ePTFE expanded polytetrafluoroethylene
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Figurel.
POCR-16 incubated in a 1:1 volume ratio of milli-Q water and acetonitrile shown to release

atRA in a sustained manner. Release for 15 days was observed, with cumulative atRA
release amounting to approximately 0.4% of incorporated atRA. A= 3, mean = SD.
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Figure 2.
FTIR spectra of (A) all-trans retinoic acid, (B) poly-(octamethylene-citrate) (POC), and (C)

poly(octamethylene-citrate-co-retinate) (POCR-16). For atRA, transmission spectroscopy
was used, while for polymer films, attenuated total reflectance FTIR on partially
polymerized polymer films (2d, 60 °C) was used.
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Figure 3.
HNMR of (A) atRA, (B) POC, and (C) POCR. Insets are magnified areas showing atRA-

specific peaks. For a close-up of the POCR spectrum around 12.0 ppm, see Supporting
Information S3B).
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Figure 4.
POCR showing enhanced antioxidant properties relative to POC. (A) Free radical inhibition

by POCR is dependent on the atRA content in the polymer as per the DPPH radical
scavenging assay. (B) POCR chelates iron ions. (C) The degree of inhibition of lipid
peroxidation by POCR is proportional to retinoid content in the polymer. V= 3, Mean * SD.
*p<0.05, **p<0.01, ***p< 0.001.
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Figureb.
Scanning electron microscopy (SEM) images and antioxidant characterization of ePTFE

vascular grafts coated with POC and POCR. SEM images of (A) ePTFE grafts, (B) POC-
coated ePTFE grafts, and (C) POCR-coated ePTFE graft. (D) Increased free radical
scavenging by POCR-coated ePTFE grafts relative to POC. (E) POCR-coated ePTFE grafts
inhibit lipid peroxidation, and the inhibition depends on the atRA content of the POCR. NV/=
3, Mean = SD. *p < 0.05, **p < 0.01, ***p< 0.001.
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Figure 6.
Graph showing no significant difference in viability observed for both HUVECS and

HASMC cultured on all polymer surfaces. Cells were stained with calcein AM and ethidium
homodimer and relative amount of dead cells compared to calcein-positive cells. V=3,
Mean + SD, P> 0.05.
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Effect of POCR with two different atRA contents on the proliferation and migration of
HASMC and HUVEC. (A) HASMC proliferation and (B) HUVEC proliferation. M= 4,
Mean + SD. *p < 0.05, **p < 0.01, ***p < 0.001. (C) HASMC migration and (D) HUVEC
migration 24 h postscratch shows selective reduction of HASMC migration only on POCR.

N=7,Mean £ SD. *p<0.05, **p<0.01, **p< 0.001.
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Scheme 1.
Synthesis of Poly(1,8-octamethylene-citrate- co-retinate) (POCR)
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Table 1

Optimization of Polymerization and atRA Incorporation Conditions?

atRA polymerization atRA structure

conditions recrystallization time retention
60 °C, yes 5 days nt

10% w/w
37 °C, yes 20 days nt

10% wiw
60 °C, no 5 days yes

30% wiw
37 °C, no 20 days no

30% wiw

a
nt: not tested.

atRA concentration was 4 mg/mL. Structure retention assessed using HPLC. x% w/w indicates POC concentration in ethanol used.
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